The resistivities of specimens ofSi0 2 (fused quartz) singly and doubly shocked in the 10-45 and 27-90 GPa ranges, respectively, demonstrate a marked decrease from values of-10-0.1 11-m at a single-shock pressure of -40 and a double-shock pressure of -7 4 G Pa. These states correspond to calculated shock temperatures of-3300 and -3600 K, respectively. At shock pressures below 36 GPa the measured resistivity versus calculated shock temperature agrees closely with ambientpressure and high-temperature resistivity data. This suggests that the ionic conduction mechanisms inferred to control electrical properties at ambient pressure also act under shockinduced high temperatures in quartz and the presumed high-pressure phase, stishovite into which fused quartz appears to transform above 20 GPa. At 36-40 GPa the rapid decrease in resistivity by a factor of 10 2 suggests a further transformation to an unknown phase which may correspond to the onset of melting. The existing pressure-density Hugoniot data do not demonstrate any anomalous density change associated with this phase change.
I. INTRODUCTION
Although the shock wave equation of state of singlecrystal densityl.2 and porous quartz 3 and fused Si0 2 (Refs. l, 3, and 4) have been studied over a wide range of dynamic pressures, previous studies of the electrical properties of quartz have been limited to studies of single-crystal quartz 5 as these pertain to the use of this material as a shock transducer material. Wackerle's 1 study of the Hugoniot equation of state of single and fused quartz demonstrated both high dynamic yield strength and the onset of a shock-induced phase change. McQueen eta!. 6 first suggested that the phase change in both materials was due to the formation of rutilestructured high-pressure polymorph, stishovite, which was later recovered from laboratory shock loaded Si0 2 7 • Also the kinetics of the quartz-to-stishovite transition and its effect on wave propagation in the range of shock pressures GPa, in which both quartz and stishovite are thought to be present, the so-called mixed phase region ofSi0 2 , have been investigated during shock compression by using in-material particle velocity and shock stress gaugesx. Other physical properties ofSi0 2 under shock compression have not yet been explored. We have performed measurements of electrical resistivity under dynamic high-pressure and shock-induced electromotive force on fused quartz specimens which were singly and doubly shocked into the stress range of 10-90 GPa upon impact with projectiles launched with a twostage light-gas gun. The resulting data are discussed in light of our knowledge of the electrical properties of dielectrics and their relation to the previous equation of state studies.
II. EXPERIMENTAL
Shock experiments were conducted using a two-stage light-gas gun (HS-2, Tokyo Institute ofTechnology). 9 The sample assembly ( Fig. l) was impacted by a copper or tungsten flyer plate affixed to a 20-mm-diam. high-density poly-5084 ethylene sabot. Both resistivity and shock-induced polarization measurements were carried out in longitudinal geometry of Fig. l . Two specimens were attached to independent copper backing electrodes (3-4 rum in diameter and 5 mm in height) and mounted on a common delay buffer plate which was placed on the target driver plate. One of the specimens was used for the resistivity measurement and the other for the polarization measurement. Six coaxial pin contactors were placed around the specimens; two of them were to provide redundant trigger signals for single-sweep oscilloscopes and the remaining four to observe flyer-plate tilt.
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Flyer-plate tilts were Jess than OS. Using an acrylic case, the specimens were surrounded with 99.99% He at I atm, so that ionized gas species did not provide a short-circuit path for the resistivity measurement.
The fused quartz, of stock commercial grade (Amersil Corp.), had a uniform initial density of 2.204 Mg!m'. The disc-shaped specimens were polished to provide good electrical contact with the target driver plate and the backing electrode.
A charged-capacitor method II-IJ was used for measuring the sample electrical resistivity. With this circuit, current nnm~rup '/\ ~\\"' T , flows from the target driver plate, via the sample, to the backing electrode. For polarization measurements, the specimen was considered to be a current source which is terminated with 50 fl to match the cable impedance. The effective area for the reflected shock state was estimated by assuming that rarefaction wave from a free surface of the specimen propagates along a direction of 45° from the edge of the electrode.
The impedance match method was used to determine both the initial and reflected shock states in the specimen using the Hugoniot data ofMcQueen 14 and Wackerle, 1 for copper, tungsten, and fused quartz. In this paper, both reflected Hugoniot and isentropic state were approximated using the principal Hugoniot curve.
Shock temperatures were estimated on the basis of the following equations:
(r" lr" V ).
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and (3) where subscripts H, s, 0, and 00 denote the Hugoniot, isentrope, zero-pressure specific volume of the high-pressure phase, and initial specific volume of fused quartz, respectively. The left-hand side ofEq. ( 1) represents the Hugoniot energy. In the case of shock reflection, the sum of the principal and reflected Hugoniot energy along a shock-compression path is taken into account. The first term on the right is the isentropic compression energy of the high-pressure phase, which we assume similar to stishovite. This contributes only a few percent temperature decrease even at 40 GPa. The value of E,r corresponding to the transition of fused quartz to stishovite is 0.68 MJ/kg. 15 The specific heat at constant volume is based on a Debye model, assuming a Debye temperature of 1120 K, which is appropriate for stishovite at normal conditions.
16 Recent Hugoniot data for fused quartz 4 suggest that permanent densification of the glass occurs in the region from 9 to 21 GPa, and transition to stishovite begins at 21 G Pa. Since the permanent densification will tend to decrease the relative magnitude of the compressional energy term to the Hugoniot energy term by reducing the zero-pressure volume, a higher temperature (-10%) would result by neglecting the first and third term in Eq. ( 1) below 21 GPa. The shock temperature measurement for fused quartz by a radiance spectrum technique yields a value of 3600 ± 100 K at 40 G Pa 17 and is in reasonable agreement with this calculation. formly compressed. Point 1' indicates the time when the shock wave arrives at the delay buffer plate-specimen boundary. The time interval from the onset of the oscilloscope sweep (triggered by the arrival of the shock at the interface between the target driver and delay buffer plates) to Point 1 is 0.52flsec as compared to 0.51 flSec, which is calculated from the known shock-wave equation of state of copper and fused quartz, and the appropriate geometry. Point 2 marks the arrival of the reflected shock wave at the delay buffer plate. At Point 3 the rarefaction wave from the back surface of specimen arrives at the delay plate. As indicated in Table I , the initial shock reduces the specimen resistivity to 8.6 fl m, whereas the reflected shock reduces the resistivity to 0.32 n m.
Although the signal of Fig. 2(a) resembles the shape of 2(b), the profiles of Figs. 2(c) and 2(d) are considerably different from the others. Both voltage signals rise up to a saturating level as soon as the first shock front arrives at the samplebacking electrode boundary. The signal rise time shown in Fig. 2(c) is about 60 nsec as compared to 15 nsec in Fig. 2(d) . Since the voltage changes were too small to be detected in the A-10 and A-4 experiments, the lowest limits of resistivity at the pressures were estimated by assuming that the voltage change was less than 1/20 of one division in the ordinate. Resistivity measurements are summarized in Table I and Fig. 3 . It is clearly seen from Fig. 3 that the resistivity of fused quartz under shock loading gradually decreases with the first shock pressure up to 36 GPa and rapidly decreases by about two orders of magnitude at 36-40 GPa. Results of the reflected shock-compression state also show that the rapid decrease of resistivity occurs at around 70 GPa.
Polarization signals at pressures below 34.3 GPa were too small and were poorly recorded. Only three results were available and are shown in Fig. 4 . Points 1, 2, and 3 in Fig. 4 correspond to the same states as Fig. 2 . The signals in Fig. 4 suggest three regimes exist which qualitatively describe the electrical properties of Shock-compressed fused quartz. Figure 4(a) shows that the polarization signals are very small in both the first and reflected shock states, whereas Fig. 4(b) shows that a large negative voltage is generated upon arrival of shock front at the backing electrode. In Fig. 4(c) , it is seen that a positive voltage is gradually generated following shock propagation, and that the sign of the voltage changes upon a reflection of the shock wave. demonstrate that the sign of the signal is positive in the direction of shock propagation, and that the response time of the polarization upon reflection of the shock wave is less than 10 nsec. The polarization signal suggests that an effective positive charge is produced at the shock front as the conductivity suddenly increases. Since both of the electrical resistivity profiles in shot A-13 (36.5 GPa) and A-24 (37.5 GPa) are quite similar, the polarization profile of A-24 is probably similar to that in Fig .  4(b) (shot A-13) . At this pressure, the rise time of the resistivity profile is longer than that of A-15 (43.0 GPa). On the other hand, when the shock-induced polarization voltage is generated following shock transit through the sample [ Fig.  4(c) ], the electrical conductivity signal rapidly rises [ Fig.  2(d) ]. This suggests that changes of the electrical properties at shock pressures of 36.5-37.5 GPa depend on time, and that the true transition in the electrical state of fused quartz occurs nearer 40 GPa and 3250 K. Although the resistivity observed for the reflected shock state for shot A-25 (72 GPa and 3500 K), where the pressure and temperature are higher than the above conditions, is of same order of magnitude as that of the first shock state for shot A-24 (37.5 GPa), the polarization signal in the reflected state is quite small. This suggests that this reflected state is in the middle of the transition in electrical properties of Si0 2 , as shown in Fig. 3 . 
IV. DISCUSSION
Molecular orbital calculations on the electronic structure of fused or amorphous quartz have been carried out using a variety of cluster models and show that the width of valence band and energy gap are of the order of 9 and -13 eV, respectively, while the experimental value of the gap is 11 eV. 18 -20 The defect electronic states are due to oxygen vacancies and proton interstitials. The latter and Na + are the main impurities in commercial fused quartz. These give rise to electron levels in the gap which are dependent on the model cluster size. 20 The oxygen vacancy is responsible for some of the ultraviolet absorption bands. The first direct measurement of the drift velocity of excess electrons in amorphous Si0 2 have been performed by Hughes 21 using a transit-time technique. The drift mobility was found to be (2.0 ± 0.3) X 10-3 m 2 /V sec at 300 K, and it decreases with increasing temperature. A free electron in amorphous Si0 2 has a 14-nsec lifetime and a mean free path of about 4 nm. It seems that the mobility is too high to be explained by a polaron mechanism. The mobility of the holes is very low, about 4 X 10-13 m 2 /V sec at 300 K, but the mean hole lifetime is over I 0 sec. 22 The temperature dependence of the hole mobility is 2 X 10-3 exp(-0.6/kT) m 2 /V sec (kTin eV). (4) However, the temperature dependence of the dielectric loss factor for fused quartz at low frequency is very large.
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This corresponds to increases in ion jump frequency, dipole relaxation energy, and de conductivity losses. Therefore, at ambient pressure and high temperature, the conduction mechanism in fused quartz may be due to ionic mobility. The diffusion coefficient for oxygen in vitreous Si0 2 has been measured up to 1300 K, 24 ' 25 The resistivity versus reciprocal shock temperature (Fig. 5) clearly demonstrates two regimes of electrical resistivity behavior. The temperature dependence of resistivity for fused quartz at atmospheric pressure has been reported 29 and is also shown in Fig. 5 . This is approximately represented by the equation
where Rand kTare in fl·m and eV, respectively. An extrapolation of this line agrees well with shock-wave data with larger resistivity than 1 fl·m. In the regime over which the high-temperature and high-pressure data agree, we believe that fused quartz has partially transformed to stishovite. Therefore, we infer no significant difference exists between ionic transport processes in normal fused quartz and the presumed shock-induced high-pressure phase, stishovite.
However, at the higher temperature, the effective activation energy suddenly changes and the resistivity is approximately represented as R = 2 X w-s exp(2.4 ± 0.5 /kT), (7) where the results of the reflected shock state in shots A-25 and A-21 are regarded as in the transition state. This sudden change of activation energy suggests an occurrence of structural change in silica at high temperature and high pressure.
Two possibilities can be considered to explain the transition: One is that a six-coordinated glass still exists 6 and gives rise to glass transition or crystallization above that pressure and temperature. The second possibility is due to unknown phase transition, e.g., stishovite to another solid or stishovite to liquid. Molecular dynamic simulations suggest that a high-density glass can exist at such high pressure. 28 That the electrical transition temperature observed here appears not to depend strongly on pressure is consistent with the glass-transition behavior. 28 · 29 Moreover, a lack of a pres-5088 sure effect on the activation energy suggests that fused quartz remains a glass up to the transition pressure. If this is the case, the calculated temperature should be increased by setting the Etr term in Eq. ( 1) Although a resistivity decrease of about two orders of magnitude occurs on melting in some minerals, 34 • 35 this does not appear to be consistent with the shock temperature measurements for fused quartz, 36 · 37 which suggest that the onset of melting of stishovite under shock loading occurs at a higher pressure and temperature than the -40 GPa and -3300 K observed for the change in electrical conductivity. However, in the shock temperature measurement by using a radiance spectrum technique, the experimental results of Lyzenga and Ahrens 36 · 37 suggest that the light originates in a thin layer near or coincident with the shock front. The extremely short ( < 5 nsec) rise and decay times in these experiments would not be observed, if the radiance source were distributed throughout a large volume of the sample. Therefore, it is possible to interpret their results as superheating of Si0 2 above the melting temperature, if the final state takes longer than the shock front to equilibrate. On the other hand, the electrical conductivity measurement is sensitive to the properties of the entire sample volume. Thus both experiments may, in fact, be detecting shock-induced melting. The pressure and temperature states observed for the sudden change in electrical conductivity may correspond to the onset of the superheated regime of Lyzenga and Ahrens, and hence may define a point on the melting line of stishovite.36-381t has, however, been reported that the electrical conductivity of natural single-crystal albite (NaA1Si 3 0 8 ) increases by about 10 4 at a temperature close to the melting point at high temperatures and controlled oxygen fugacity. 39 The results suggest that the actual onset of melting need not be invoked to explain large changes in resistivity. The possible effects of heterogeneity during shock compression might promote this mechanism. However, it is unclear what the mechanism for conduction of albite actually is and if the mechanism is applicable to conduction in shocked Si0 2 •
